Titanium oxide materials have been considered as a promising anode material in lithium ion batteries, because they have good safety against dendrite formation of lithium metal (high redox potential) and low toxicity. 1 Therefore, extensive studies have focused on various titanium oxide materials such as anatase, 2-4 rutile 5 and TiO 2 (B). 6 Much progress on the electrochemical performance of these materials has been reported by adopting nanostructure. 7, 8 The use of nanosize materials induces behavior different from that of bulk TiO 2 materials. For example, the electroactivity of rutile TiO 2 is dependent on the particle size. 5 8 mol of Li can be inserted into the rutile nanoparticles of tens of nm, while only ca. 0.2 mol of Li can be inserted into the macrometer-sized rutile particles. TiO 2 (B) nanowire also exhibits an improved reversible capacity due to its nanostructure. 6 It showed a reversible 0.9 Li de/insertion in the structure. Anatase TiO 2 exhibits an interesting characteristic related to its nanosize. The phase diagram of the Li composition in anatase TiO 2 changes, as the crystal particle size decreases. 9 Also, various alkali metal titanium oxide materials have been reported. 10, 11 An Li 4 Ti 5 O 12 spinel material, one of the most promising titanium oxide materials, is known to be a zero-strain material. 12 The volume change during lithiation and delithiation is a critical factor that determines the cycle life. Therefore, the materials with a smaller volume change are expected to exhibit a better cycle performance. Thus, the Li 4 Ti 5 O 12 spinel material shows a very stable cycle performance. [13] [14] [15] A different composition of lithium titanium oxides induces a different crystal structure. Compared to the spinel structure of Li 4 Ti 5 O 12 , Li 2 Ti 3 O 7 has two different crystal structures. One is the tunnel structure (ramsdellite), 16 and the other is the layered structure (metastable form). These materials have been examined for use as anodes, and have showed promising electrochemical performances. Also, sodium titanium oxide materials have been introduced as anode materials in lithium and sodium ion batteries. Na 2 anatase (Aldrich) (Phthalocyanine : TiO 2 = 1 : 2 as a weight ratio) were mixed using a mortar. The mixture was heated at 900
• C in an Ar atmosphere. The resultant carbon-coated TiO 2 composite was mixed with Na 2 CO 3 (TiO 2 : Na 2 CO 3 = 5 : 2.05 as a molar ratio) and heated at 600
• C in an Ar atmosphere. Bulk Na 4 Ti 5 O 12 is synthesized by the same solid state method except for the carbon coating process. Material characterization.-Powder X-Ray diffraction (XRD) data was collected on a Rigaku D/MAX2500V/PC powder diffractometer using Cu-Kα radiation (λ = 1.5405 Å) operating from 2θ = 10-80
Synthesis of trigonal
• . SEM samples were examined in a Quanta 200 fieldemission scanning electron microscope (FE-SEM). The atomic composition of the samples was determined by Varian 720-ES inductively coupled plasma (ICP) spectrometry. The amount of carbon on the carbon-coated samples was determined by thermogravimetric analyzer (TGA, SDT Q600). (ca. 0.05C) and a temperature of 30
• C. Also, the Na ion cells were assembled in the Ar-filled glove box. The electrochemical performance of Na ion batteries was evaluated using 2032 coin cells, using an Na metal anode, a Cu foil current collector and 0.8 M NaClO 4 in ethylene carbonate and diethyl carbonate (1:1 v/v) electrolyte solution. Galvanostatic experiments were performed in the voltage range of 0.13 and 2.7 V at a current density of 12.8 mA g −1 (ca. 0.05C) and a temperature of 30
• C. O 7 , in which TiO 6 -octahedra sharing edges are joined together through the corners to other similar chains of octahedron and Na ions are located in between the layers. 21, 22 The other structure is three dimensional structure that is stable at a relatively lower temperature (<700
Results and Discussion
• C) 23 compared to the layered structure (>700 • C); to the best of our knowledge, this structure has not been examined as an electrode material for Li ion batteries. Figure 1 shows the crystal structure of trigonal Na 4 Ti 5 O 12 with a tunnel-structured three-dimensional framework; it seems that this structure has Li ion diffusion paths (tunnels) along the direction of [ a solid state method by heating TiO 2 (anatase) and Na 2 CO 3 at 600
• C. Also, a pure phase of nanosized trigonal Na 4 Ti 5 O 12 was obtained via the same solid state method except that carbon-coated nanosized TiO 2 (anatase) was used, as shown in Fig. 2 . The TiO 2 is coated with carbon by the simple solid state method using a phthalocyanine precursor, which is known to be a very useful method to coat a homogeneous thin film of carbon. 24, 25 Phthalocyanine and TiO 2 were mixed in a mortar and heated at 900
• C under Ar, which resulted in the formation of nanosized carbon-coated TiO 2 particles. Without the carbon coating on TiO 2 , Na 4 Ti 5 O 12 easily grows into bulk particles (hundreds of nm) due to the heating at high temperature, even when nanosized TiO 2 (tens of nm) is used (Figs. 3a, 3b, 3e). However, the carbon coating inhibits the growth of Na 4 Ti 5 O 12 because a carbon layer on TiO 2 physically blocks the contact of TiO 2 particles during the heating process. 26 Thus, as shown in SEM and TEM images, the nanosize of TiO 2 anatase (tens of nm) is sustained even after Na 4 Ti 5 O 12 is formed (Figs. 3c, 3d, 3f ). Thermogravimetric analysis (TGA) under air atmosphere was performed to measure the amount of carbon-coating on TiO 2 and Na 4 Ti 5 O 12 . About 10 and 9 wt% of carbon were coated on the TiO 2 and Na 4 Ti 5 O 12 , respectively (Fig. 4a) . Figure 4b shows the XRD pattern of the nanosized Na 4 increased to ca. 100 mA h g −1 with no capacity fading over 100 cycles (Fig. 5c ). This improvement is attributed to the shorter diffusion length (smaller particle size) and the enhanced electrical conductivity through the homogeneous carbon coating. In addition, the theoretical specific capacity is 102. 4 The effect of the tunnel size on the kinetics of Na 4 Ti 5 O 12 is considered by the gradual change of voltage profiles during cyclings. As shown in Fig. 5c , as the cycle number increases, the voltage profile of the Na 4 Ti 5 O 12 electrode changed from a sloping voltage profile with a large polarization to a plateau profiles at ca. 1.7 V with a small polarization. The decrease of polarization is attributed to the ion exchange between the Na ion in the Na 4 Ti 5 O 12 structure and the Li ion in the electrolyte, which results in the formation of Li x+y Na 4−x Ti 5 O 12 . The x value in the Li x+y Na 4−x Ti 5 O 12 electrode is measured using ICP-MS analysis after the Li ion is deintercalated until the redox potential is reached at 3 V. The x value is increased from 0 to 1.5, 1.9 and 1.9 as the cycle number is increased from 1 to 5, 20 and 50, respectively (Fig. 7) . It is notable that the amount of ion exchange is stabilized to ca. 2 after 20 cycles. It means that at most two Na + ions in Na 4 Ti 5 O 12 can be exchanged by Li ions, and this ion exchange is accomplished within 20 cycles. This phenomenon is closely related to the change of voltage profiles during cyclings (see Fig. 5c ). The polarization is rapidly decreased within 20 cycles as the cycle is progressed, but there is little decrease of polarization after 20 cycles.
The Na ions are located around the tunnel to stabilize the structure (Fig. 1) , and thus, these stabilizing Na + ions can impede the diffusion of Li + ion in the tunnel. The Na ion radius is 1.3 times larger than that of Li ion. Therefore, it is expected that the ion exchange from Na + to Li + can form a larger space in the tunnel, which results in the increase of the relative tunnel size and the decrease of impedance even if the dimension of tunnels is not increased. In other words, the relative tunnel size can be increased within 20 cycles due to the increased amount of ion exchange as the cycle number increased. Accordingly, it is considered that the larger relative tunnel size caused a decrease of polarization. [27] [28] [29] Also, the increase of the tunnel size of Na 4 Ti 5 O 12 via the electrochemical ion exchange is supported by the change of tunnel size of the chemically ion-exchanged Li x Na 4−x Ti 5 O 12 . Na 4 Ti 5 O 12 powders were reacted with Li-nitrate at 300
• C, and some Na ions in Na 4 Ti 5 O 12 were chemically changed by Li ions, resulting in the formation of Li x Na 4−x Ti 5 O 12 . The x value in Li x Na 4−x Ti 5 O 12 was about 1, which was measured from ICP-MS analysis. Due to Li ion being smaller than Na ion, the XRD peaks were slightly shifted to the higher 2 theta angle (Fig. 8a ). Rietveld refinement of the XRD patterns in the space group P3 was carried out for Na 4 (Figs. 8b and 8c ). The refinement converged with reasonable statistics (R wp = 13.49, R p = 9.64% and R wp = 12.54, R p = 8.95% for Na 4 3 ) indicate a very slight decrease of the lattice parameters (0.2% of volume change) of the ion-exchanged sample due to the smaller size of Li + cation. The detailed structural information is summarized in Table I . The structure of Na 4 Ti 5 O 12 has three kinds of tunnels composed of O1-O3, O1-O2 and O3-O4 oxygen atoms, respectively (Fig. 9) Table II . After the chemical ion exchange, the dimensions of two tunnels comprised of O1-O3 and O3-O4 were increased, although that of O1-O2 was slightly decreased. In addition, because Na + cations are located around tunnels to stabilize the structure, it is certain that these stabilizing Na + cations impede the diffusion of Li + cation in the tunnel. Therefore, it is considered that the ion exchange from Na + to smaller Li + can improve the diffusion kinetics of Li + ions in the tunnel. Therefore, it is believed that the decrease of polarization on cyclings is attributed to the ion exchange from larger Na ity (dQ/dV) plots of the chemically ion-exchanged Li x Na 4−x Ti 5 O 12 electrode at 2 nd cycle and the Na 4 Ti 5 O 12 electrode at 100 th cycle were compared, and both electrodes clearly show that they have a similar peak of dQ/dV between 1.5 and 2.0 V, indicating that they have a similar redox potential and polarization (Fig. 10b) . Therefore, this further supports that the change of voltage profiles of the Na 4 Ti 5 O 12 electrode on cyclings can be ascribed to the ion exchange. An additional sharp peak at ca. 1.6V (a small plateau at ca. secondary phase (or impurities) was not observed in the ex situ XRD patterns of the Li x Na 4−x Ti 5 O 12 during de/lithiation (Fig. 11 ). Therefore, it is not clear whether this plateau is the characteristics of the Li x Na 4−x Ti 5 O 12 or another impurity phase of titanium oxide-based materials. However, although it is difficult to find any impurity phase from the XRD pattern of the Li x Na 4−x Ti 5 O 12 , it is considered to be possible that a small amount of another phase of titanium oxidebased materials including Li 4 Ti 5 O 12 or Na 2 Ti 3 O 7 is formed during the chemical ion exchange because of heating at high temperature (300 • C). Excess y Li ion in Li x+y Na 4−x Ti 5 O 12 measured from ICP-MS analysis seems to be caused by the irreversible Li ion trapping in the structure. Of course, the irreversible electrolyte decomposition on the surface forms a solid-electrolyte interphase (SEI), and the some amount of Li in the decomposed Li salt of SEI can be counted by ICP analysis. However, the irreversible Li ion trapping in the structure seems to be dominant, which is supported by the poor coulombic efficiency of both nanosized and bulk Na 4 Ti 5 O 12 electrodes at the 1st cycle (inset of Fig. 5b and 5c ). The electrolyte decomposition is usually dependent on the surface area of active materials, and generally, coulombic efficiency is inversely proportional to the surface area. However, the bulk Na 4 Ex situ XRD analysis of the nanosized Na 4 Ti 5 O 12 and the chemically ion-exchanged Li x Na 4−x Ti 5 O 12 were performed to observe the change of crystal structure during lithiation and delithiation, as shown in Fig. 11 . After Li was intercalated to the Na 4 Ti 5 O 12 structure until the redox potential reached 0.43 V, XRD peaks of Na 4 Ti 5 O 12 became broader accompanying by the decrease of peak intensity, and this indicates that the structure is partially disordered (Fig. 11a) . This disordering is considered to be attributed to the ion exchange during de/lithiation. Also, the change of peak positions was not substantial, and this means that the change of unit cell volume is not substantial during lithiation and delithiation. A new vague peak was additionally observed at about 40
• (red triangle), and this new peak became intense and clearer after Li ion was deintercalated until the redox potential reached 3 V. However, this peak was not observed from the ex situ XRD patterns of the Li x Na 4−x Ti 5 O 12 electrodes (Fig. 11b) . Also, it is notable that the change of peak positions and broadness of the Li x Na 4−x Ti 5 O 12 electrodes was not substantial. This indicates that the chemically ion-exchanged Li x Na 4−x Ti 5 O 12 inhibited the disordering of structure during de/lithiation. This supports that the disordering of Na 4 Ti 5 O 12 during electrochemical de/lithiation is caused by the ion exchange between Na and Li ions. In case of Li x Na 4−x Ti 5 O 12 , the ion exchange is already accomplished by the chemical process at high temperature, resulting in the formation of highly crystalline Li x Na 4−x Ti 5 O 12 . Accordingly, the Li x Na 4−x Ti 5 O 12 does not require the ion exchange during the electrochemical de/lithiation process. Therefore, we suggest that the additional new peak at ca. 40
• of the Na 4 Ti 5 O 12 formed after lithiation and delithiation is attributed to the decomposition of the Na 4 Ti 5 O 12 structure into a new phase including possibly Na 2 TiO 3 or Ti, because the strongest XRD peak of Na 2 TiO 3 or Ti is located at near 40
• , as shown in Fig. 11a . Also, this decomposition is suggested to be caused by the ion exchange.
In addition, the nanosized Na 4 Ti 5 O 12 electrode was examined for use as an anode for Na ion batteries. As shown in Fig. 12 , this electrode showed the reversible de/intercalation of Na ions, but delivered only ca. 50 mA h g −1 . This specific capacity of reversible de/sodiation is smaller than that of reversible de/lithation (100 mA h g −1 ), and the similar behavior was also observed in hard carbons. [30] [31] [32] The smaller specific capacity is attributed to the poor kinetics of Na ion de/intercalation due to steric hindrance from the Na ion, which is larger than the Li ion.
Conclusions
Titanium oxide materials have been focused on as intriguing anode materials for lithium ion batteries due to their good safety and low toxicity. Although various alkali metal titanium oxide materials have been extensively studied, a few of the alkali titanium oxides have still remained unexamined. We first investigated the trigonal phase of Na 4 Ti 5 O 12 with a tunnel-structured three-dimensional framework for use as an anode for lithium and sodium ion batteries. Nanosized pure Na 4 Ti 5 O 12 was obtained using the solid state method with carbon-coated nanosized TiO 2 anatase at 600
• C. The carbon layers on TiO 2 inhibit the growth of Na 4 Ti 5 O 12 . The trigonal Na 4 Ti 5 O 12 electrode shows a reversible de/intercalation of Li ions, and delivers a reversible capacity of ca. 100 mA h g −1 . This electrode exhibits excellent cycle performance including no capacity fading over 100 cycles. As the charge and discharge are repeated, ion exchange between Na ion and Li ion happens, resulting in the formation of Li x+y Na 4−x Ti 5 O 12 . The ion exchange causes an increase of the relative tunnel size because of the smaller Li ion, which results in a decrease of the polarization of the voltage profiles. These findings are supported by ICP and XRD analysis. Also, trigonal Na 4 Ti 5 O 12 was additionally examined for use as an anode material for Na ion batteries.
